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Inthispaperwedescribeamethodforcreatingmultifunctionalglasssurfacespresentingdiscretepatchesofdifferent
proteins on an inert PEG-functionalized background. Microcontact printing is used to stamp the substrate with
octadecyltrichlorosilane to deﬁne the active regions. The substrate is then back-ﬁlled with PEG-silane {[[2-
methoxypoly(ethyleneoxy)]propyl]trimethoxysilane}todeﬁnepassiveregions.Amicroﬂuidicsdeviceissubsequently
afﬁxed to the substrate to deliver proteins to the active regions, with as many channels as there are proteins to be
patterned. Examples of trifunctional surfaces are given which present three terminating functional groups, i.e., protein
1, protein 2, and PEG. These surfaces should be broadly useful in biological studies, as patch size is well established
to inﬂuence cell viability, growth, and differentiation. Three examples of cellular interactions with the surfaces are
demonstrated, including the capture of cells from a single cell suspension, the selective sorting of cells from a mixed
suspension, and the adhesion of cells to ligand micropatches at critical shear stresses. Within these examples, we
demonstrate that the patterned immobilized proteins are active, as they retain their ability to interact with either
antibodies in solution or receptors presented by cells. When appropriate (e.g., for E-selectin), proteins are patterned
in their physiological orientations using a sandwich immobilization technique, which is readily accommodated within
ourmethod.Theproteinsurfacedensitiesarehighlyreproducibleinthepatches,assupportedbyﬂuorescenceintensity
measurements. Potential applications include biosensors based on the interaction of cells or of marker proteins with
protein patches, fundamental studies of cell adhesion as a function of patch size and shear stress, and studies of cell
differentiation as a function of surface cues.
Introduction
Wedemonstratethecreationofsurfaceswhichpresentmultiple
functionalitiesbyserialapplicationofmicrocontactprinting(µCP)
to deﬁne the regions of interest on the substrate, followed by
ﬁlling of those regions by afﬁxing the substrate as a lid over
microﬂuidic (MF) channels. The functionalization of the mi-
cropatterned surfaces can be generic, ranging from surfaces that
present alkanethiols of different chain lengths and terminal
functionalities to surfaces with PEG-functionalized regions and
regionspresentingproteinsandantibodies.Wefocusonthelatter
class of functionalities for biological application. The method
allows the deﬁnition of discrete active regions for protein
adsorption surrounded by inert PEG-functionalized regions and
the delivery of distinct proteins to the active regions from MF
channels. Thus, surfaces presenting more than one protein in
distinctpatchessurroundedbyinertPEG-functionalizedregions
can be created.
It is well established that many cellular functions depend
on the size of protein patches with which the cells interact.
For example, Ismagilov and collaborators recently reported
studies of blood clotting in which surfaces that present
micrometer-scalepatchescoveredwithtissuefactor,aninitiator
of the clotting response, are placed in contact with blood
plasma. Blood clotting was reported only for patches above
a critical size.
1 For adherent cells grown in patterned arrays,
cellular responses such as cell viability, adhesion, or motility
have been demonstrated to depend strongly on the size and
shape of the cell-covered regions for a variety of cell types,
including hepatocytes,
2–4 neurons,
5,6 ﬁbroblasts,
7 epidermal
cells,
8 and endothelial cells.
9,10 Stem cell differentiation and
signaling have been shown to depend strongly on the diameter
andpitchofadhesiveislandswhichcontrolthecolonydiameter.
11
Recently,cellculturedishesmicropatternedwithaPEGderivative
that resists protein and cell attachments have been shown to
conﬁne and guide the motion of 3T3 ﬁbroblasts and human
microvascular endothelial cells.
12
For other systems, the role of the protein patch size has yet
to be established, but it is likely to play a role. For example, the
patch size should inﬂuence the adhesion of free-ﬂowing cells
such as blood platelets or leukocytes. These cells bind to each
other or to bounding surfaces through interaction with a variety
of proteins, as has been demonstrated by studies of the rolling
and adhesive behavior of cells on randomly functionalized
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13 Control over the area and spacing of discrete
functionalizedpatchesinthesesystemsshouldenabletheaccurate
quantiﬁcation of binding events under physiological ﬂow
conditions. Patterned surfaces are also exploited in cell-based
biosensors.
14–17
Surface patterning techniques are commonly divided into
serial and parallel methods. In serial methods, regions on the
surface are deﬁned by either placing a functionality serially
in desired locations or serially removing a functionality to
expose regions of otherwise protected substrate, which are
later ﬁlled with another molecule of interest. Typically, serial
methods include dip pen nanolithography (DPN), e-beam
lithography(EBL),andscanningtunnelingmicroscopy(STM),
collectively referred to as scanning probe lithography (SPL)
techniques. In DPN, AFM tips are inked with a solution of
thematerialtobetransferred.Thematerialonthetiptransfers
to the substrate while the probe is scanned across the surface,
probably being mediated by the water meniscus formed by
capillarycondensation.
18Alternatively,theprobecan“scratch”
thesurfaceandselectivelyremovematerialsuchaspolymers,
liquid crystals, bilayers, resists, and SAMs.
19 EBL has been
used to selectively ablate PEG and backﬁll with a protein or
other functionality,
20 to locally “deactivate” a protein,
21 or to
creategoldpatternsthatconstrainproteindistribution.
22These
methods are well suited for high-precision (sub 100 nm)
patterningofindividualfeatures.Theyhavealsobeenadapted
to create multifunctional surfaces.
23–26 Drawbacks of these
methods include that they are time-consuming (requiring days
to weeks to pattern a surface over millimeter length scales), that
they have been demonstrated primarily on metallic substrates
(e.g., Au, Cu, etc.), and that they require signiﬁcant investment
in equipment.
Parallel techniques allow the rapid deﬁnition of patterned
regions to be functionalized and simultaneous introduction of
functionalitiestoregionsofinterest.Theyareusefulforpatterning
high-densityfeaturesoverlargeareas,ofteninapplicationswhen
sub 100 nm precision is not crucial (although features at this
length scale are achieved by nanoimprint lithography
27). Pho-
tolithographic techniques, including soft lithography or µCP,
areparallelmethods.Theyareinexpensive,notextremelymaterial
speciﬁc, and readily adopted for creating micrometer-scale
featuresoverlargeareas(>cm2).Thesetechniquesarealsobenign
tomanyproteinsofinterestandcanbeusedonglassorpolystyrene
substrates,whichareoftenthematerialsofchoiceincellpatterning
andproteinadhesionstudies.Methodstoautomatetheseprocesses
have been explored.
28
Lithographic methods to create patterned bifunctional
surfaces which present two molecules or chemical moieties
in well-deﬁned regions have been used for some
time,
2–7,9–11,14–17,29–42 although new techniques continue to
emerge.
43–49 One common technique exploits a photolitho-
graphic resist to protect regions of the surface during an
initial functionalization. Upon removal of the resist, the
open regions are backﬁlled with a second functionality
by immersion.
1,4,5,14–17,29–33 Another method exploits
µCP
2,7,9,14–17,34–40,50–52 to transfer one functionality onto the
surfaceinapatterndictatedbyapoly(dimethylsiloxane)(PDMS)
stamp which can be created with features as small as 50 nm.
53
Open regions are subsequently backﬁlled to introduce a second
functionality. The stamped features can be precursors to protein
adsorption
34–38 or the proteins of interest themselves.
40,50–52 A
third method uses MF networks made of PDMS. The substrate
is afﬁxed to a grooved PDMS stamp to form an MF channel
through which a solution of the adsorbing species is introduced.
The species adsorbs where the substrate is in contact with the
channel.
3,10,15–17,54 Typically, bifunctional surfaces present a
singleactivespecieswhichistypicallyabindingligandorprotein,
surrounded by an inactive species such as PEG.
Methods to create multifunctional surfaces include serial
methods such as DPN (parallelized variants of which have been
developed exploiting continuous delivery of the species to be
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26 Extensions of
photolithographicmethodshavebeendevelopedinwhichmasks
are used sequentially to expose selected regions, which are then
functionalized.
49 Extensions of the µCP technique have been
developed to make multifunctional surfaces, including inking
PDMS stamps with several functionalities on different regions,
inking and stamping multiple times,
55–57 or “subtractive offset
printing”,inwhichproteinsareselectivelyremovedfromaplanar
PDMS stamp to achieve a pattern and subsequently backﬁlled
withanotherfunctionalityofinterest.
55Collapsiblestampshave
also been developed that deliver ink from ink wells that span the
stamp.
58
MF networks have also been extended to create multi-
functionalsurfacesinahighlyparallelizablemanner.
59–64The
substratetobepatternedisafﬁxedasalidtoanMFdevicewhich
has several distinct channels. Functionalities of interest are
introduced individually in the separate channels; they adsorb or
chemisorb onto the substrate as they pass through the channel.
The geometry of the pattern created on the surface is controlled
by the shape and size of the MF channel; this method has been
used to create patterned stripes with widths as small as 3 µm.
59
Thus, surfaces presenting an arbitrary number of functionalities
have been created. However, this technique does not allow the
formation of discrete patches of functionalized regions, which
have been shown to be important in many biological studies as
described above. Currently, microarray techniques, in which
species of interest are deposited serially in spots on substrates,
are used to create discrete patches presenting different func-
tionalities.
65
In this work we present a hybrid method to create substrates
with discrete patches containing distinct functionalities, as
depictedschematicallyinFigure1.µCPisusedtodeﬁnethesize
and shape of the active features comprised of octadecyltrichlo-
rosilane (OTS) on glass, which promotes protein adsorption,
surrounded by passive regions functionalized with [[2-meth-
oxypoly(ethyleneoxy)]propyl]trimethoxysilane(PEG-silane)
66to
prevent protein adsorption as shown in the left panel of Figure
1. MF channels are used to deliver distinct species (proteins,
antibodies, surfactants) to the active regions, as depicted in the
right panel of Figure 1. The number of patches ﬁlled is dictated
by the width and contour of the MF channel containing that
species.Wedemonstratethecreationandutilityofthesesurfaces.
First, trifunctional surfaces presenting micropatches of two
proteins surrounded by inert PEG-functionalized regions are
created. Such trifunctional surfaces are then used to capture and
patterncellsfromasinglecellsuspensionandtosortandpattern
cells from a mixed suspension. Finally, the role of the patch
length scale in binding of LS174T colon carcinoma cells under
prescribed ﬂow conditions is demonstrated.
Materials and Methods
Reagents and Monoclonal Antibodies (mAb’s). The chimeric
formofE-selectin-IgGFc(E-selectin)wasagenerousgiftofWyeth
External Research (Cambridge, MA). Anti-CD44 (2C5) mAb was
from R&D Systems (Minneapolis, MN). Anti-CD66de (COL-1),
anti-CD162 (KPL-1), PE-conjugated anti-CD162 (KPL-1-PE), PE-
conjugated anti-CD66acde (B1.1-PE), and PE-conjugated anti-
CD62E (68-5H11) mAb’s, PE-conjugated mouse IgG, and FITC-
conjugatedmouseIgGwerefromBDBiosciences.FITC-conjugated
bovine serum albumin (BSA), CellTracker Green CMFDA (5-
(chloromethyl)ﬂuoresceindiacetate),andSNARF(1carboxylicacid,
acetate, succinimidyl ester) were purchased from Invitrogen (Mo-
lecular Probe, Oregon). All other reagents were used as received
fromSigmaunlessotherwisestated.Experimentsweredoneatroom
temperature unless otherwise stated. The antibodies passed through
the MF channels were diluted in D-PBS.
Microcontact Printing and Microﬂuidics. PDMS stamps for
µCP and MF were made by standard soft lithography.
67 The masks
were designed using Adobe Illustrator CS2 and printed onto a
transparency by a 5080 dpi printer (Pageworks, Cambridge, MA).
To prepare masters, SU-8 2010 and SU-8 2050 epoxy negative
photoresists (Microchem Corp., Massachusetts) were applied by
spincoating(LaurellTechnologiesCorp.,Pennsylvania)ontosilicon
wafers (Montco Silicon Technologies Inc., Pennsylvania) in two
steps. SU-8 2010 was ﬁrst spread at 600 rpm for 20 s and then at
3000 rpm for 20 s to a ﬁnal thickness of 8-10 µm. The photoresist
was prebaked at 95 °C for 1 min, exposed to UV (350-450 nm)
radiation through appropriate masks for 20 s, postbaked at 115 °C
for 8 min, and subsequently developed using SU-8 developer
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Figure1.CreationofmultifunctionalsurfacesbyserialuseofµCP(left
panel) and MF (right panel). A PDMS stamp (a1, a2) inked with an
activespeciesthatpromotesadsorption(b)iscontactedwiththesubstrate
(c), rinsed (d), and backﬁlled with a passive species that prevents
adsorption (e, f). The substrate is afﬁxed as a lid to an MF network with
nchannels(g)throughwhichadsorbingspecies1throughnareintroduced.
The MF network used in this study is shown in (h). Images of the
indicated areas of the actual MF network with ﬂow directions within
thenetworkareshownin(1)and(2).Bythismethod,surfacespresenting
nspeciesondistinctpatchessurroundedbycontinuouspassivatedregions
are created. The pictures are not drawn to scale.
8136 Langmuir, Vol. 24, No. 15, 2008 Ghosh et al.(Microchem Corp.). SU-8 2050 was ﬁrst spread at 500 rpm for 10 s
and then at 4000 rpm for 30 s to a ﬁnal thickness of 50 µm. The
resist was prebaked at 80 °C for 3 min and at 110 °C for 6 min,
cooled,andexposedtoUV(350-450nm)radiationfor30sthrough
a mask. The resist was then postbaked for 8 min at 110 °C and
developedasbefore.PDMSstampswereobtainedbypouringSylgard
184 prepolymer with cross-linker (Dow Corning, Michigan) in a
10:1 ratio (by weight), degassing in a vacuum, and curing at 80 °C
for 1 h. Provisions were made for the inlets and outlet(s) while
making the MF stamps. The cured stamps were peeled from the
master and sonicated in ethanol for 15 min. OTS (10 mM) was
preparedinn-hexane(Sigma-Aldrich,Wisconsin).Precleanedglass
slides (Fisher Scientiﬁc) were plasma cleaned with oxygen in a
plasma cleaner (Harrick PDC- 32G) and used immediately. OTS
wasappliedbyspincoating(3000rpmfor30s)ontotheµCPstamp,
which was placed in conformal contact with the glass slide for 1
min. Upon removal of the stamp, the glass slide was rinsed with
n-hexane and DI water, dried with N2, and placed in a presilanized
beaker for backﬁlling of the bare regions using a 2% solution of
PEG-silane(MW460-590;GelestInc.,Pennsylvania)inanhydrous
toluene with 1% triethylamine (Sigma-Aldrich) as a catalyst.
68 The
reaction was performed at 70 °C for at least 1 h. The MF stamp was
incubated in 0.1% BSA in a Petri dish for at least1ht opassivate
itagainstproteinadsorption.Disposable1mLplasticsyringes(Becton
Dickinson, New Jersey) and 24 gauge PTFE tubing with luer lock
ﬁttings (Hamilton, Nevada) were used for handling the ﬂuids. The
MFstampwasremovedfromtheBSAsolution,washedsequentially
with Dulbecco’s phosphate-buffered saline (D-PBS) and DI water,
anddriedwithN2.TheglassslidewasremovedfromthePEG-silane
solution, rinsed with toluene, and dried under N2. The glass slide
presenting OTS patches surrounded by inert PEG was placed in
conformal contact with the MF stamp.
Generation of micropatches coated with PE- and FITC-
Labeledanti-IgG.PE-andFITC-labeledanti-IgG(50µg/mL)were
pumped for 1 h through the 100 and 200 µm channels, respectively,
at 0.05-0.5 mL/h using syringe pump(s) (KDS 100 from KDSci-
entiﬁc, Massachusetts) at the inlet(s) with vacuum applied at the
outlets. Prior to removal of the PDMS that forms the MF network, (68) Veiseh,M.;Zareie,M.H.;Zhang,M.Q.Langmuir2002,18,6671–6678.
Figure 2. (a, b) Fluorescence images of PE-labeled (red) and FITC-
labeled(green)anti-IgGAbintroducedvia100and200µmMFchannels,
respectively, onto an array of 45 µm OTS squares on otherwise PEG-
functionalized glass. The proteins adsorb onto the OTS patches. (c) and
(d) are magniﬁed images of the PE- and FITC-labeled anti-IgG Ab on
the OTS squares. (e) is obtained under conditions similar to those of (a)
and(b)exceptthat25µmOTSlines(insteadofsquares)areprintedonto
the glass slide before the MF step. (f) shows the protein adsorption
pattern of 200 µm lines of PE-labeled anti IgG Ab when the µCP step
is omitted. For the multicolored images shown here, two separate gray
scale images of the ﬂuorophores are taken, color labeled, and merged
with ImageJ. Scale bars are 200 µm.
Figure 3. (a, b) Fluorescence images of 65 µm squares of patterned
FITC-labeledBSA(green)andSNARF-stainedLS174Tcoloncarcinoma
cells (red) surrounded by PEG-functionalized regions (black). The cells
are bound primarily to regions of the glass slide which present the
anti-human CD44 mAb. The PEG-functionalized regions are relatively
cell free. The scale bar is 200 µm. (c) is a phase contrast image of the
cell pattern obtained in the absence of the µCP step corresponding to
Figure 2f. The scale bar is 400 µm. For the multicolored images shown
here,twoseparategrayscaleimagesoftheﬂuorophoresaretaken,color
labeled, and merged with ImageJ.
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spilloverfromonechanneltoanother.TheMFstampwasremoved;
theslidewasrinsedinD-PBSandstoredunderD-PBSbeforeimaging
(Nikon Eclipse TE 2000E). PE- and FITC-labeled anti-IgG were
abletoadsorbnoncovalentlytotheOTSpresentingregions(positive
control) but not to PEGylated microdomains (negative control).
Static Adhesion Assays on Discrete Anti-Human CD44 mAb
andFITC-BSAMicropatches.A35µg/mLsolutionofanti-human
CD44mAbanda0.5mg/mLsolutionofFITC-BSAwereperfused
through the 200 and 100 µm MF channels, respectively, at a rate
of 0.8 mL/h for 20 min. The channels were ﬂushed with D-PBS
before removal as described above. The slide was incubated with
asuspensionofSNARF-stainedLS174Tcoloncarcinomacells(107
cells/mL) for 30 min at 37 °C, followed by washing with D-PBS
to remove unbound and nonspeciﬁcally bound cells from the slide
surface before imaging (Nikon Eclipse TE 2000E).
69 As a negative
control, micropatterned surfaces were prepared presenting no
antibodies, but patterned with OTS passivated with BSA and PEG
patches in geometries similar to those of the patterned substrates
used in the cell binding experiments. These substrates did not bind
cells save for some weak nonspeciﬁc binding in the BSA-covered
regions.
Cell Sorting via Static or Flow-Based Adhesion Assay. The
MF channels were incubated with 2 µL of anti-human CD66de
mAb (0.5 mg/mL) and anti-human CD162 mAb (0.5 mg/mL) for
1 h. The MF channels were removed, and the slide was rinsed
inD-PBSandwassubsequentlyincubatedwithD-PBScontaining
1 %B S Af o r1ht oblock nonspeciﬁc binding. Green CMFDA-
labeled LS174T colon carcinoma cells and red SNARF-stained
polymorphonuclearleukocytes(PMNs)weremixedata4:1ratio
and either (1) incubated at room temperature for 1/2 h or (2)
perfused over anti-CD66de and anti-CD162 patterned glass
substrate at 0.35 dyn/cm2 for 30 min, using a parallel plate ﬂow
chamber (which is 10 mm wide, 29 mm long, and 168 µm deep)
before imaging using an inverted ﬂuorescent microscope (Nikon
TE300)witha10×objectiveconﬁguredtoaDAGE-MTIcamera.
Negative control experiments similar to those in example 2 were
performed in this study.
ComparativeCellAdhesiontoMicropatchesversusUniformly
Coated Surfaces. Standard photolithographic methods were used to
create features (5 µm patches separated by 40 µm) as the aspect ratio
of the features was incompatible with conventional soft lithography. A
positive photoresist, S1813 (Rohm & Haas, Massachusetts), was spun
onto a glass slide for 40 s at 5000 rpm. Half of the slide was protected
with Teﬂon tape. The Teﬂon tape was then removed, and the slide was
heated to 120 °C for 3 min followed by UV (350-450 nm) exposure
for20sthroughachromemask.Theslidewasleftatroomtemperature
for 30 min and developed with MF-CD-26 (Rohm & Hass). The slide,
half bare and half patterned with photoresist, was incubated with 0.1%
OTS solution for 1 min and rinsed with hexane. The photoresist was
then stripped off by sonication in acetone. The slide was successively
incubated with 20% PEG-silane for1ha t9 0°C, FITC-anti-human
(69) Burdick, M. M.; Konstantopoulos, K. Am. J. Physiol. Cell Physiol. 2004,
287, C539–547.
Figure 4. Sorting of a 4:1 mixture of CMFDA-labeled LS174T colon
carcinomacells(green)andSNARF-stainedPMNs(red)onanti-CD162
andanti-CD66demAbmicropatternedglassslidessurroundedbyPEG-
functionalized regions. (a) The cell mixture was incubated for 30 min
on the slide. (b) The cell mixture was perfused over the micropatterned
glass slide through a parallel plate ﬂow chamber assay at 0.35 dyn/cm2.
Forthemulticoloredimagesshownhere,twoseparategrayscaleimages
of the ﬂuorophores are taken, color labeled, and merged with ImageJ.
The scale bars represent 100 µm.
Figure 5. Surface densities of CD66 and CD162 molecules on PMNs
andLS174Tcellsmeasuredbyﬂowcytometry.(a)Cellswereincubated
with PE-conjugated anti-CD162 mAb’s or with an isotype-matched
controlmAb.(b)CellswereincubatedwithPE-conjugatedanti-CD66acde
mAb’s or with an isotype-matched control mAb. The numbers in
parentheses indicate the mean ﬂuorescence intensity.
8138 Langmuir, Vol. 24, No. 15, 2008 Ghosh et al.IgG Fc for 15 min, and ﬁnally 5 µg/mL E-selectin Fc for 30 min. The
remaining areas were blocked with D-PBS containing 1% BSA for 30
min. The glass slide thus presented both 5 µm square patches and
uniform regions of E-selectin surrounded by inert PEG. LS174T cells
(106 cells/mL) were then perfused over this slide at a wall shear stress
ofeither0.70or0.35dyn/cm.
2Averagerollingvelocitieswerecomputed
using Optima software as previously described.
70 The residence time
was calculated by counting the number of frames a cell was tethered
and relating it to the rate of frame acquisition.
As a negative control, micropatterned surfaces were prepared
lacking E-selectin, but rather presenting FITC-anti-human IgG Fc
and PEG patches in geometries similar to those of the patterned
substratesanduniformregionsusedinthecelladhesionexperiments.
As a positive control we documented the E-selectin activity on the
patterned regions and the uniform regions via ﬂuorescence micros-
copy as described below.
Fluorescence Imaging and Intensity Measurements. To char-
acterizetheE-selectin(CD62E)surfacedensityontheslideprepared
as outlined in the previous section, an additional incubation step
with PE-conjugated anti-CD62E mAb was performed for 30 min
insteadofBSAblocking.Theslidewasobservedunderamicroscope
(3-I Marianas) equipped with dual Cascade II 512 EM cameras
(which can capture over 65 000 gray levels) using a 40× oil
immersion objective. Antifade DABCO was applied to the slide to
retardphotobleaching.Thegrayscaleintensitiesbetweenthepatches
and the uniform region at least 200 µm away from all edges were
compared using ImageJ.
Colon Carcinoma Cell Culture and Staining. LS174T colon
carcinoma cells (American Tissue Culture Collection, Manassas,
VA)wereculturedandharvestedaspreviouslydescribed.
70LS174T
cells were incubated with a 5 µM concentration of either SNARF
or CMFDA for1ha t3 7°C and subsequently washed with D-PBS
once to remove excess dye. The cells were then resuspended in
D-PBS and 0.1% BSA at a concentration of 107 cells/mL and
maintained at 4 °C for no longer than 3 h before use in binding
assays or in ﬂow cytometry.
PMNIsolationandLabeling.PMNswereisolatedfromhealthy
human subjects as previously described and suspended in Ca2+/
Mg2+-free D-PBS and 0.1% BSA at a concentration of 107 cells/
mL.
71 The PMNs were then incubated with 5 µM SNARF at 4
°C for 1 h, washed once to remove excess dye, resuspended in
Ca2+/Mg2+-free D-PBS and 0.1% BSA at a concentration of 107
cells/mL, and maintained at 4 °C before use in adhesion assays.
(70) Napier, S. L.; Healy, Z. R.; Schnaar, R. L.; Konstantopoulos, K. J. Biol.
Chem. 2007, 282, 3433–3441.
(71) Jadhav, S.; Konstantopoulos, K. Am. J. Physiol. Cell Physiol. 2002, 283,
C1133–1143.
Figure 6. LS174T colon carcinoma cells tether on an E-selectin (5
µg/mL) patterned glass slide. The slide was uniformly functionalized
withE-selectinonhalfitsareaandwithdiscretepatchesofimmobilized
E-selectin surrounded by inert PEG-functionalized regions on the other
half.(a)and(b)arescanningelectronmicroscopyimagesofthephotoresist
templates of the two regions, respectively, on the same slide, taken at
least 200 µm away from all the edges. The scale bar represents 40 µm.
(a)LS174TcellswereperfusedthroughuniformE-selectin(c)andpatches
of E-selectin (d) at 0.70 dyn/cm2. (b) LS174T cells were perfused over
uniformE-selectin(e)andpatchesofE-selectin(f)at0.35dyn/cm2.The
red arrows indicate the transient cell binding to E-selectin patches. The
scale bar represents 100 µm.
Figure 7. Pseudocolor ﬂuorescence images of PE-anti CD62E mAb
(red) binding to E-selectin Fc and the corresponding 3D gray scale
surfaceproﬁlegeneratedusingImageJ.TocharacterizeE-selectinsurface
densities, gray scale data were averaged over three different locations,
each on two substrates. (a, b) For 5 µm patches surrounded by PEG-
functionalized regions the ﬂuorescence intensity in the functionalized
patches was 10291 ( 1189. (c, d) For the uniformly E-selectin-
functionalized region, the ﬂuorescence intensity was 10481 ( 1511.
Thesedataarerepresentativeexceptforatransitionregionofwidthless
than200µmbetweentheuniformlyfunctionalizedandpatternedregions.
The scale bar represents 40 µm.
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the surface of LS174T colon carcinoma cells and PMN leukocytes
wereassessedbydirectsingle-colorimmunoﬂuorescenceassays.In
particular,LS174TcellsandPMNs(2×106cells/mL)wereincubated
with either PE-conjugated anti-human CD66acde or antihuman
CD162 mAb or an appropriate IgG isotype control for each for 1 h.
The specimens were then diluted (to 1 × 106 cells/mL) with D-PBS
and 0.1% BSA before analysis by ﬂow cytometry.
70
Results and Discussion
Four examples of multifunctional surfaces are given. First,
trifunctional surfaces are created presenting two proteins in
distinct discrete patches surrounded by inert PEG-function-
alizedregions.Inthesecondandthirdexamples,respectively,
trifunctional surfaces are used to capture and pattern cells
from a single cell suspension and to sort and pattern cells
fromamixedsuspension.Inthefourthexample,abifunctional
surfacepresentingabindingligandindiscretepatchesisused
to identify critical length scales and associated shear stresses
in the adhesion of suspension cells.
Intheﬁrstexample,atrifunctionalsurfacepresentingdiscrete
patchesofgreenﬂuorescentFITC-labeledanti-IgGantibodyand
red ﬂuorescent PE-conjugated anti-IgG antibody surrounded by
continuous PEG-functionalized regions was created, as shown
in Figure 2a-d. µCP was used to deﬁne 45 µm square OTS-
covered regions surrounded by PEG-silane; the OTS-covered
regions were ﬁlled using an MF network with 200 µm wide
channels, through which the FITC-labeled anti-IgG antibody
was introduced, and 100 µm wide channels, through which the
PE-labeledanti-IgGantibodywasinfused.Theantibodiesadhered
only to the OTS-printed, but not PEGylated, regions to form
discretepatches.Figure2ewasobtainedundersimilarconditions
except that 25 µm lines of OTS were printed onto the glass
substrate prior to the MF step. Figure 2f is an example of the
continuous pattern created in the absence of the µCP step. By
using ﬂuorescently labeled proteins, we are able to show the
spatialdiscriminationofthepatternsformedbyproteinadsorption
conformed to the geometry dictated by the OTS patches and the
MF channels.
Inthesecondexample,atrifunctionalsurfacewasgenerated
which presents discrete patches covered with an anti-CD44
mAb or with an inert serum protein (FITC-conjugated BSA)
surrounded by inert PEG-functionalized regions. Anti-CD44
mAb was selected because the adhesion of CD44-expressing
LS174T colon carcinoma cells to host cells and/or ECM
proteins such as ﬁbrin(ogen) is implicated in cancer metasta-
sis.
70,72 Hence, these cells adhere speciﬁcally to anti-CD44
mAb’s, so a surface presenting such antibodies could be used
for cell capture. In Figure 3, we illustrate this concept with a
surface that presents 65 µm square patches presenting either
anti-CD44 mAb or FITC-BSA surrounded by PEG-silane on
glass. Subsequently, a suspension of SNARF-stained LS174T
colon carcinoma cells was placed on the micropatterned slide
andallowedtoincubatefor30minat37°Cunderstaticconditions.
AsshowninpanelsaandbofFigure3,thecellsboundextensively
andselectivelytotheanti-CD44-coveredregions.BoththeBSA-
and PEG-covered areas remained relatively cell-free; i.e., about
10%ofthecellswereboundnonspeciﬁcallytotheseregions.As
a negative control, micropatterned surfaces were prepared
presentingnoantibody,butpatternedwithOTSregionspassivated
with BSA and PEG patches in geometries similar to those of the
patterned substrates used in the cell binding experiments. These
substrates did not bind cells, save for some weak nonspeciﬁc
bindingintheBSA-coveredregions(datanotshown).Figure3c
shows an example of the continuous pattern of the cells created
in the absence of the µCP step. This example illustrates the
abilitytotrapcellsfromastaticadhesionassayondiscretepatches
oftheanti-CD44antibody,withonlyweaknonspeciﬁcadhesion
to the nonactive area. Furthermore, the ability to capture cells
using an antibody immobilized to a surface provides evidence
that the biological activity of the antibody is preserved in these
assays.
Inthethirdexample,weappliedthismethodologytosortcells
fromamixedsuspensionofPMNleukocytesandLS174Tcolon
carcinomacellstospatiallyprescribedmicrodomainsonasurface.
To this end, a glass slide was patterned with anti-CD162 and
anti-CD66demAb’sindiscretepatchessurroundedbyinertPEG-
functionalized regions. CD162, also known as P-selectin gly-
coprotein ligand-1 (PSGL-1), is selectively expressed on the
surfaceofdifferentleukocytesubpopulations,includingPMNs.
13
CD66e is a member of the carcinoembryonic antigen family
(CEA) and represents one of the most extensively used clinical
tumormarkersduetoitslimitedexpressioninadultnormaltissue
and cells and high expression levels in a wide variety of tumor
cell types.
73 Due to the speciﬁc nature of antibody-antigen
interaction, we were able to sort PMNs and LS174T cells into
discrete patches by employing two different experimental
protocols. In both cases, PMNs adhered extensively to the anti-
CD162-coatedpatchesdrivenbythehighafﬁnityofthisantibody
for PSGL-1. In the ﬁrst protocol, a mixed suspension of cells
was allowed to incubate with the micropatterned surface under
static (no-ﬂow) conditions (Figure 4a). In the second protocol,
thecellsuspensionwasperfusedoverthemicropatternedsurface
under controlled kinematic conditions by the use of a parallel
plate ﬂow chamber which mimics the shear environment of the
circulatorysystem.TheadhesionofPMNsonthesepatcheswas
observeddynamicallyintheﬂowexperiments;colony-likeislands
ofcellsconsistingexclusivelyofPMNsontheanti-CD162patches
formedwithinminutesaftertheinitiationoftheﬂuidﬂow(Figure
4b).
In marked contrast, the CD162-negative LS174T colon
carcinoma cells failed to bind to the anti-CD162-coated mi-
croregions even after prolonged static incubations or long
perfusion times. As expected, LS174T cells bound avidly to the
anti-CD66de-decorated patches (Figure 4). Microscopic observa-
tions reveal the presence of a small number of PMNs captured
(72) Alves,C.S.;Burdick,M.M.;Thomas,S.N.;Pawar,P.;Konstantopoulos,
K. Am. J. Physiol. Cell Physiol. 2008, 294, C907–916.
(73) Thomas, S. N.; Zhu, F.; Schnaar, R. L.; Alves, C. S.; Konstantopoulos,
K. J. Biol. Chem. 2008, 283 (23), 15637–15655.
Table 1. Average Rolling Velocities of LS174T Cells Tethered to Uniform E-selectin and Average Residence Time of LS174T Cells over
Patches of E-selectin at Shear Stresses of 0.70 and 0.35 dyn/cm2 a
average rolling velocity (µm/s) average residence time (s)
shear stress (dyn/cm2) hemodynamic free cell cells tethered to the uniform surface cells bound to the patch area
0.70 554 ( 26 4.52 ( 0.44 no binding
0.35 nd
b 2.93 ( 0.26
c 0.64 ( 0.08
a At least 30 cells were tracked for calculating the average rolling velocity under each condition, and the mean is reported with the standard error.
b nd
) not determined.
c P value <0.01.
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25.5% of the cells adhered to these microregions in the static
experiments and 19.7% under ﬂow conditions) and minimal
nonspeciﬁcbindingofPMNstothePEG-functionalizedregions.
These observations motivated the characterization of CD66de
expressionlevelsonthesurfaceofbothPMNsandLS174Tcells
using direct single-color immunoﬂuorescence assay. CD66acd
is not expressed by the LS174T cells,
73 whereas CD66e was
abundantly expressed on the surface of these cells, as shown in
Figure5a.CD66acdeismoderatelyexpressedonthePMNsurface
(see Figure 5b). Consequently, the presence of PMNs on the
anti-CD66de-coated patches could be attributed primarily to the
CD66de expression detected on their surfaces. We have thus
demonstrated herein the ability of this technique to sort cells by
their capture to appropriate antibody-coated patches driven by
the high afﬁnity of the biologically active antibodies for their
respective receptors on the cells.
As a fourth example, a surface was designed to explore the
role of the patch size in the adhesion of suspension cells under
ﬂow. The surface was bifunctional, patterned over half its area
with discrete patches of immobilized E-selectin surrounded by
inert PEG-functionalized regions and uniformly functionalized
with E-selectin on the other half as shown in the SEM images
in Figure 6 a,b. In both regions, an E-selectin-Ig chimera was
boundtothesurfaceintheproperorientationbyﬁrstimmobilizing
an FITC-anti-human IgG Fc onto the OTS patches. The dual-
patterned nature of the substrate allowed direct comparison of
the extent of colon carcinoma cell adhesion to the E-selectin-
decorated patches versus uniformly E-selectin-coated regions.
QuantitativeﬂuorescencemicroscopyutilizingaPE-conjugated
anti-E-selectin mAb was employed to compare the E-selectin
site density on the micropatches to that on the uniformly coated
region.OurdatadisclosethattheE-selectinsurfacedensitiesare
equivalent in both micropatterned (10291 ( 1189) and uniform
(10481 ( 1511) regions, as assessed by gray scale ﬂuorescence
intensity measurements reported in Figure 7.
In this assay, the patch size of 5 × 5 µm was chosen to be
ontheorderofthecelldiametertoeliminatesecondarycell-cell
interactions. The cell adhesion studies were performed in a ﬂow
chamber that allowed control over the wall shear stress level;
both the micropatterned regions and uniformly coated regions
could be observed. At a wall shear stress level of 0.70 dyn/cm2,
LS174T cells tethered and rolled along the uniformly function-
alized substrate with an average rolling velocity of 4.52 µm/s
(Figure6c),butwereapparentlyunretardedbythemicropatches
(Figure 6d).
Lowering the wall shear stress to 0.35 dyn/cm2 resulted in an
expected decrease in the average cell rolling velocity to 2.93
µm/s (p < 0.01) in the uniform region (Figure 6e). Most
importantly, the decrease in wall shear stress resulted in
intermittent cell tethering to the patches, with cells pausing,
spending an average residence time of 0.64 s, and subsequently
detaching into the ﬂowing stream (Figure 6f). These results are
summarizedinTable1.Furthermore,afractionoftheseLS174T
cellswereabletorebindtoE-selectinpatcheslocateddownstream
of the initial contact domain. This transient tethering behavior
is distinctly different from that of the stable rolling behavior
observedintheuniformsurfacecontrolandrevealsadependence
of the cellular adhesion event on the length scale of the
functionalized regions. As a negative control, micropatterned
surfaces were prepared lacking E-selectin, but rather presenting
FITC-anti-humanIgGFcandPEGpatchesinthesamepatterned
geometries and uniform regions used in the cell adhesion
experiments.Thesesubstratesfailedtocapturecellsundershear
ﬂow (data not shown), thereby conﬁrming the requirement of
E-selectin in speciﬁc cell tethering events. In this example, we
illustrate the ability to immobilize the protein E-selectin in its
physiological orientation on a substrate using a sandwich
immobilization method. The protein maintains its biological
activity as evidenced by ﬂow-based adhesion assays and
ﬂuorescencemicroscopyexperiments.Theshear-dependentcell
tethering events identiﬁed in this example can be attributed to
the length scale of the receptor patch. Moreover, this assay can
be used to extract important kinetic parameters of receptor-
ligand binding.
Ourtechniquebuildsuponothertechnologiesinwhichproteins
can be immobilized and retain their ability to participate in
molecular recognition events. For example, the exploitation of
immobilized proteins pervades modern separation techniques
(e.g.,afﬁnitychromatography,
74immunoprecipitation,
75Western
blotting
76),sensorandcellbindingbiophysicalstudies(enzyme-
linked immunosorbant assay (ELISA),
76–78 surface plasmon
resonance (SPR),
79 blot rolling,
70,80 and cell-free bead adhesion
assays
81).Inalloftheseexamples,proteinsinsolutionareafﬁxed
to the substrate by sandwich immobilization techniques or by
physisorptionorchemisorption.Proteinsexploitedintheseassays
include adhesion receptors,
70 enzymes (trypsin),
82 regulatory
proteins (insulin),
83 transport proteins (hemoglobin),
84,85 con-
tractile and motile proteins (actin),
86 structural proteins (col-
lagen),
87 and protective and exploitive proteins (antibodies,
thrombin).
88 We further note that there are indeed proteins
(predominantly soluble proteins such as ﬁbrinogen) for which
the immobilization induces structural changes that affect their
binding properties, which are therefore not commonly exploited
in immobilized form.
Conclusions
We have presented a novel method for creating multifunc-
tionalsurfaceswhichpresentproteinsinwell-deﬁnedregions.
The method relies on the serial application of µCP and MF,
thus allowing control over the shape, size, and chemical
functionality of the discrete functionalized patches. The
potential utility of this method has been demonstrated in four
examples. These examples point to the versatility of the
(74) Kerrigan,L.A.;Kadonaga,J.T.CurrentProtocolsinMolecularBiology;
John Wiley & Sons: New York, 2001; Chapter 12.
(75) Motherway, M.; Tipton, K. F.; McCarthy, A. D.; Couee, I.; Irwin, J.
Current Protocols in Protein Science; John Wiley & Sons: New York, 2002;
Chapter 1.
(76) Ibarrola, I.; Arilla, M. C.; Herrero, M. D.; Esteban, M. I.; Martinez, A.;
Asturias, J. A. J. InVest. Allergol. Clin. Immunol. 2008, 18, 78–83.
(77) Cervino, C.; Weber, E.; Knopp, D.; Niessner, R. J. Immunol. Methods
2008, 329, 184–193.
(78) Stejskal, D.; Karpisek, M.; Reutova, H.; Humenanska, V.; Petzel, M.;
Kusnierova, P.; Vareka, I.; Varekova, R.; Stejskal, P. Gen. Physiol. Biophys.
2008, 27, 59–63.
(79) Makogonenko,E.;Goldstein,A.L.;Bishop,P.D.;Medved,L.Biochemistry
2004, 43, 10748–10756.
(80) Sackstein, R.; Fuhlbrigge, R. Methods Mol. Biol. 2006, 341, 217–226.
(81) Perret, E.; Benoliel, A. M.; Nassoy, P.; Pierres, A.; Delmas, V.; Thiery,
J. P.; Bongrand, P.; Feracci, H. EMBO J. 2002, 21, 2537–2546.
(82) Kang, K.; Kan, C.; Yeung, A.; Liu, D. Macromol. Biosci. 2005, 5, 344–
351.
(83) Hatakeyama,H.;Kikuchi,A.;Yamato,M.;Okano,T.Biomaterials2005,
26, 5167–5176.
(84) Starodub, N. F.; Samokhina, L. M.; Rachkov, A. E. Ukr. Biokhim. Zh.
1993, 65, 17–22.
(85) Sun, H, H. N. Biophys. Chem. 2004, 110, 297–308.
(86) Zamanou, A.; Samiotaki, M.; Panayotou, G.; Margaritis, L.; Lymberi, P.
J. Autoimmunol. 2003, 20, 333–344.
(87) Lee, D. W.; Piret, J. M.; Gregory, D.; Haddow, D. J.; Kilburn, D. G. Ann.
N.Y. Acad. Sci. 1992, 665, 137–145.
(88) Weeterings, C.; Adelmeijer, J.; Myles, T.; de Groot, P. G.; Lisman, T.
Arterioscler., Thromb., Vasc. Biol. 2006, 26, 670–675.
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presented in patches with highly reproducible surface cover-
ages, as supported by ﬂuorescence intensity measurements.
These proteins retain their activities, as substantiated by their
abilitytointeractwitheitherantibodiesinsolutionorreceptors
presented by cells. We have further shown that these patches
can be used to selectively sort cells, with potential in the
sensing and diagnostics of disease states, or to study the
biophysics of cellular adhesion.
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